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TITLE OF THE INVENTION 



Head positioning Control Method for a Storage Device and 
Head positioning control device 



Field of the Invention: 

This invention relates a head positioning control 
method and a head positioning control device for positioning 
a head at a target position of a storage medium, and 
particularly to a head positioning control method and a 
head positioning control device for reducing the seek time. 

Description of the Related Art: 

Disk devices that have a head for reading disk-type 
storage medium are widely used. For example the magnetic 
disk drives used as a storage devices for computers comprise 
a magnetic disk, a spindle motor for rotating the magnetic 
disk, a head for reading from and writing to the magnetic 
disk, and a VCM actuator for positioning the head on a track 
of the magnetic disk. The storage density of these kinds 
of disk drives is rapidly increasing, as well as is the 
track density of the magnetic disks. Therefore, it is 
necessary to perform high-precision positioning at high 
velocity . 

When a read or write command is received from the 



BACKGROUND OF THE INVENTION 



1 



computer, the disk drive moves the magnetic head from its 
current position to the target position. This is called 
the seek operation. This seek operation is transition 
operation which moves from coarse control to following 
control by way of settling control. 

Coarse control controls the velocity to the target 
position. Coarse control comprises velocity control, PD 
control, or observer control that does not include 
steady-state bias estimation. There is no integral 
element (integral compensation or bias compensation) 
included in the control system. Coarse control switches 
the control mode among acceleration, constant velocity and 
deceleration. In the acceleration mode, current flows to 
increase the velocity. In the constant-velocity mode, the 
current is 1 0' or a previously measured bias compensation 
current flows, to keep the velocity constant. In the 
deceleration mode, the current flows in the opposite 
direction of the current during acceleration, to bring the 
velocity to almost zero near the target position. When 
the distance is very short, the constant-velocity mode is 
eliminated . 

Following control controls the magnetic head so that 
it follows the target position. Following control 
comprises PID control, PI x Lead Lag, or observer control 
that includes steady-state bias estimation. This control 
is characterized by there being an integral element 
(integral compensation or bias compensation) included in 



the control system. Settling control is the control mode 
that connects coarse control with following control. In 
settling control, there may be an integral element in the 
control system. 

The average time required for this seek operation for 
a 2.5-inch HDD is on the order of 10 of milliseconds. As 
the time required for coarse control is determined according 
to the distance of movement, and the maximum current value 
of the power amp, it is difficult to reduce this time. In 
order to reduce the seek time, it is necessary to reduce 
the time required for settling control and short distance 
seek . 

The following prior method has been proposed for 
shortening this settl ing time . 

First, a steady-state bias (external force) applied 
to the actuator influences the settling time. In other 
words, the actuator is applied constantly a steady-state 
bias (external force) from an external. To output the head 
s ignal from the actuator , a flexible cable (FPC) is provided 
to the actuator. This FPC shows spring-like 

characteristics. Moreover, as the disk rotates, the wind 
that is generated is applied to the actuator. These 
external forces also affect the friction and grease 
condition of the actuator bearings. The bias of the 
actuator due to these causes changes depending on the 
position of the head . When this bias value is not corrected , 
the settling time becomes long. 



Therefore, in the prior art, an average bias value is 
measured beforehand for each position and stored in a table, 
then the value from the bias table, Bias Table (y[k] ) , that 
corresponds to the detection position y(k) is read and the 
instruction current value u(k) is corrected. (Disclosed 
for example in Japanese Unexamined published patent No. 
H2-232875 and Hll-25623) 

In addition, since the bias value fluctuates, a method 
of estimating the shift in this bias value during settling 
time, and correcting the instruction current value is also 
known. This shift is corrected by an integrator or a bias 
estimator in the control loop. When using an observer 
control system, a method of setting the current position 
and velocity as the initial observer value at the start 
of settling, and setting the estimated bias value to ' 0' 
is performed. The reason for initializing the estimated 
bias value to ■ 0' is because the shift in the bias value 
is not known at the beginning of settling, so it is set 
to 1 0 • . In this method, the current output is the sum of 
the status feedback current and the pre-measured bias value 
from the table, so the estimated bias value gradually 
converges according to the status feedback response, and 
so the position also converges to the target position. 

Second, it has been attempted to shorten the settling 
time by changing the response characteristics of the 
feedback during settling control. For example, there is 
the method of setting the gain of the integrator in the 



loop to '0' or decreasing it during settling control (as 
disclosed in Japanese Unexamined published patent No. 
H2-278582), or the method of increasing the gain in the 
loop during settling control (as disclosed in Japanese 
Unexamined published patent No. H7-153211 and Hl-133272 ) . 

Moreover, it has been proposed to use feed-forward 
control in settling control and short-distance seeking, 
in which a feed-forward current is made to flow for 
correcting the position offset on the target trajectory, 
and thus making it possible to shorten the time required 
for settling control and short-distance seek. For example, 
this is proposed in Japanese Unexamined published patent 
No. H9-139032 or in the technical report 'Fast Seek Control 
Taming Actuator Vibrations for Magnetic Disk Drives ■ ( IEEE 
Intermag 99 ) . 

However, in the prior art, there are the following 
problems. Fig. 56 shows the characteristics of the 
steady-state bias . 

(1) As shown in Fig. 56, the steady-state bias value 
not only changes depending on the position of the head, 
but that bias value also differs, even for the same track, 
depending on the where the head was located in the past. 
In other words, as shown in Fig. 56, it has hysterisis 
characteristics. Therefore, in the prior method of using 
a bias table of average bias values, the shift in bias values 
is large. For example, for a 2.5-inch HDD, there is 1 to 
3 mA error . Since this error cannot be estimated in advance, 



correction is not possible. Therefore, in a feedback 
control system in settling control, there must be time to 
correct this shift in bias value, and so there is the problem 
of not being able to shorten the settling time. 

(2) Moreover, in the prior method of using a bias 
estimator, this shift in the bias value is estimated and 
corrected. However, since the bias estimate at the 
beginning of settling is not known , the initial bias estimate 
value is set to ' 0'. Therefore, it takes time for the 
estimated bias value to converge to the correct value. Also, 
during this time to convergence, there is a shift in bias 
value, so as a result of estimating and correcting for shift, 
overshooting or undershooting occurs . Therefore, it takes 
time to correctly estimate the bias value, and so there 
was the problem of not being able to shorten the settling 
time . 

(3) Furthermore, in the prior method of changing the 
response characteristics during settling control, the 
dynamic characteristics of the feedback control system are 
improved, however the position error increased and position 
offset occurred, making it impossible to shorten the 
settling time. Also, since it is necessary to correct the 
shift in the bias value, there is the problem of not being 
able to shorten the settling time. 

(4) In the feed-forward control, the velocity at the 
start of feed-forward is not considered and is assumed, 
for example, to be zero. In addition, the prior idea is 



thought that the velocity error could be suppressed by 
feedback control. However, the track width becomes more 
narrow and it is not possible to ignore the effect on the 
velocity even when there is only small external vibration. 
When the velocity is large, there is the problem that it 
takes time for convergence, and it is difficult for the 
velocity error to be restored within the target time. The 
effect of this velocity error is especially large during 
short-distance seek, and in normal feedback control the 
convergence time is approximately 2 to 3 ms . For 
short-distance seek, it takes 1 ms or less to seek one track, 
for example, so there is the problem that the effect of 
velocity error is large, and that it is not possible to 
shorten the convergence time. 



SUMMARY OF THE INVENTION 

The objective of this invention is to provide a head 
positioning control method and a head positioning control 
device for shortening the seek time. 

Moreover, another objective of this invention is to 
provide a head positioning control method and a head 
positioning control device that make it possible to more 
quickly and accurately estimate the steady-state bias and 
to reduce the settling time. 

Another objective of this invention is to provide a 
head positioning control method and a head positioning 
control device that make it possible to more quickly and 



accurately estimate the steady-state bias and reduce the 
fluctuations in settling time. 

A further objective of this invention is to provide 
a head positioning control method and a head positioning 
control device for controlling feed forward during settling 
control, and for shortening the settling time. 

Yet a further objective of this invention is to provide 
a head positioning control method and a head positioning 
control device for supplying a target trajectory that 
corresponds to the initial velocity and initial position, 
and performing a high-speed seek operation. 

In order to accomplish these objectives, one form of 
the head positioning control method for a disk device of 
this invention comprises: a step of performing coarse 
control without performing integral compensation or bias 
compensation based on the current position of the head; 
a step of estimating the position of the head for the next 
sample, and estimating the initial bias value from the 
difference between the detected position and the estimated 
position; and a step of performing settling control 
together with integral compensation or bias compensation 
by using the estimated initial bias value. 

One form of the head positioning control device for 
a disk device of this invention comprises : a detection means 
for detecting a current position of the head; and a control 
means for performing settling control of an actuator based 
on the detected position, after performing coarse control 
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without integral compensation or bias compensation. The 
control means estimate the position of the head for the 
next sample, and estimates the initial bias value from the 
difference between the detected position and the estimated 
position, and use the initial bias value to perform settling 
control together with integral compensation or bias 
compensation . 

In the prior settling control method, it is not possible 
to avoid the effect on the shift in the steady-state bias. 
In other words, since the bias values has differing values 
for the same target position, it is not possible to avoid 
the effect on the shift of the steady-state bias. To solve 
this problem, it is necessary to accurately estimate the 
bias value at the start of settling . 

In control where integral compensation or bias 
compensation is not performed, the difference between the 
detected position and estimated position is proportional 
to the bias value, so this invention estimates the initial 
bias value at the start of settling from the difference 
between the detected position and estimated position in 
control where integral compensation or bias compensation 
is not performed. Therefore, even when there are differing 
bias values for the same target position, the initial bias 
value for settling control, in which integral compensation 
or bias compensation are performed, is accurately set. In 
this way, since it is possible to reduce the time for 
correcting the bias shift during settling control, it is 



also possible to greatly reduce the time required for 
settling control. 

It is also possible to prevent variations in seek time 
since the bias value for settling control, in which integral 
compensation or bias compensation are performed, is 
accurately set. 

In another form of the head positioning control method 
of this invention, the step of performing settling control 
comprises a step of supplying at least one of the target 
trace or feed forward current, that are proportional to 
the initial position or initial velocity at the start of 
settling, to the control system that performs settling 
control . 

In another form of the head positioning control device 
of this invention, the control means supply the target trace 
or feed forward current, that are proportional to the initial 
position or initial velocity at the start of settling, to 
the control system that performs settling control. 

In this form of the invention, feed forward control 
is used during settling control. In the prior art, since 
only feedback control is used, it is not possible to speed 
up the response . In this form of the invention , the response 
time is positively reduced by feed forward control. 
However, it is not possible to reduce the time by feed forward 
control alone. In this form of the invention, the settling 
time is reduced by generating at least a target trace or 
feed forward current, that is proportional to the initial 

10 



position or initial velocity during settling. 

In another form of the head positioning control method 
of this invention, the step of performing settling control 
performs settling control by observer control. Observer 
control can accurately predict the control object, or in 
other words , the movement of the actuator, and can estimate 
the unobservable velocity. In addition, status feedback 
control is possible, and it is possible to design the pole 
arrangement of closed-loop characteristics. Also, by 
using observer control for the settling control, 
high-precision feedback control becomes possible, and it 
is effective in reducing the settling time. 

In another form of the invention, the head position 
control method of a disk device for positioning the head 
at a specified position on the disk comprises: a step of 
generating a position trajectory and feed-forward current 
based on a current position and current velocity of the 
head; and a step of supplying the position trajectory and 
feed-forward current to the feedback control system that 
calculates the amount of control from the position error 
between the current position of the head and the target 
pos it ion . 

The head positioning control device of a disk device, 
that drives an actuator of another form of the invention 
for positioning the head at a specified position on the 
disk, comprises a detection means for detecting the current 
position of the head; and a control means for performing 
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seek control of the actuator based on the detected position; 
in which the control means generates a position trajectory 
and feed-forward current based on the current position and 
velocity of the head, and supplies the position trajectory 
and feed-forward current to the feedback control system 
that calculates the amount of control from the position 
error between the current position of the head and the target 
pos it ion . 

In this form of the invention, feed-forward control 
is used during short-distance seeking and settling control 
so high-speed response becomes possible. In addition, 
since the initial velocity is also used as a parameter for 
trajectory generation together with the initial position, 
feed-forward control, that is capable of shortening the 
convergence time, is possible even though the initial 
velocity is different. 

In the position control method of this invention, it 
is desirable for the supply step to comprise a correction 
step of correcting the position error by the position 
trajectory; and a step of adding the feed-forward current 
to the amount of control that is calculated by the feedback 
control system from the corrected position error, and by 
doing so an effective high-speed response is possible. 

Furthermore, in the position control method of this 
invention, it is desirable for the generation step to be 
a step that is executed during relatively short-distance 
seeking or during settling control in relatively 
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long-distance seeking. 



BRIEF DESCRIPTION OF THE DRAWINGS 
Fig. 1 is a top view of the disk drive of an embodiment 

of the invention. 

Fig. 2 is a cross-sectional view of the disk drive in 

Fig. 1. 

Fig. 3 is a block diagram of the disk drive in Fig. 

1 . 

Fig. 4 is drawing showing the transition of the seek 
operation of an embodiment of the invention. 

Fig. 5 is a drawing of a model of the observer control 
of an embodiment of the invention. 

Fig. 6 is a drawing of a model of the settling control 
of an embodiment of the invention. 

Fig. 7 is a drawing showing the response waveform when 
bias is applied (1/2). 

Fig. 8 is a drawing showing the response waveform when 
bias is applied (2/2). 

Fig. 9 is a drawing showing the relationship between 
the bias and shift in position. 

Fig. 10 is a drawing showing the relationship between 
the bias and shift in velocity. 

Fig. 11 is a block diagram of the track and feed forward 
current of an embodiment of the invention. 

Fig. 12 is a drawing showing the frequency 
characteristics of the FIR filter in Fig. 11. 
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Fig. 13A and 13B are drawings explaining the basic wave 
in Fig . 1 1 . 

Fig. 14 is a drawing explaining an example of the design 
track of an embodiment of the invention (1/4). 

Fig. 15 is a drawing explaining an example of the design 
track of an embodiment of the invention (2/4). 

Fig. 16 is a drawing explaining an example of the design 
track of an embodiment of the invention (3/4). 

Fig. 17 is a drawing explaining an example of the design 
track of an embodiment of the invention (4/4). 

Fig. 18 is a flowchart of the task control of an 
embodiment of the invention. 

Fig. 19 is a flowchart of the coarse control in Fig. 

18 . 

Fig. 20 is a flowchart of the settling control in Fig. 

18 . 

Fig. 21 is a flowchart of the following control in Fig. 

18 . 

Fig. 22 is a drawing showing the response results of 
the prior art (1/2). 

Fig. 23 is a drawing showing the response results of 
the prior art (2/2). 

Fig. 24 is a drawing showing the response results of 
the invention (1/2). 

Fig. 25 is a drawing showing the response results of 
the invention (2/2). 

Fig. 26 a histogram of the settling time of the prior 
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art . 

Fig . 2 7a histogram of the settling time of the invention . 

Fig. 28 is a drawing of a model of the control of another 
embodiment of the invention . 

Fig. 29 is a drawing of a model of the control of yet 
another embodiment of the invention . 

Fig. 30 is a drawing of a model of the control of a 
further embodiment of the invention . 

Fig . 3 1 is a drawing of a model of the pos it ion in g control 
system of another embodiment of the invention. 

Fig. 32 is a schematic diagram of the long-distance 
seek control unit in Fig. 31. 

Fig. 33 is a schematic diagram of the following control 
unit in Fig . 31. 

Fig. 34 is a block diagram of the short-distance 
seek/settling control unit in Fig. 31. 

Fig. 35 is a drawing explaining the trajectory tables 
in Fig . 34 . 

Fig. 36 is a drawing explaining the trajectory design 
simulation model of another embodiment of the invention. 

Fig. 37 is a drawing explaining an example of a model 
of the current amp in Fig. 36. 

Fig. 38 is a drawing explaining a model of the resonance 
characteristics in Fig. 36. 

Fig. 39 is a drawing showing the frequency 
characteristics of the FIR filter in Fig. 36. 

Fig . 4 0 is a drawing explaining the rectangular waveform 
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of the position trajectory generation in Fig. 36. 

Fig. 41 is a drawing explaining the position trajectory 
generation in Fig. 36. 

Fig • 4 2 is a drawing explaining the rectangular waveform 
of the velocity trajectory generation in Fig. 36. 

Fig. 43 is a drawing explaining the velocity trajectory 
generation in Fig. 36 (1/3). 

Fig. 44 is a drawing explaining the velocity trajectory 
generation in Fig. 36 (2/3). 

Fig. 45 is a drawing explaining the velocity trajectory 
generation in Fig. 36 (3/3). 

Fig. 46 is a drawing explaining an example of the design 
trajectory for the 0 to 4 track seek in Fig. 36 (1/2). 

Fig. 47 is a drawing explaining an example of the design 
trajectory for the 0 to 4 track seek in Fig. 36 (2/2). 

Fig. 48 is a drawing explaining an example of the design 
trajectory for the 5 to 8 track seek in Fig. 36 (1/2). 

Fig. 49 is a drawing explaining an example of the design 
trajectory for the 5 to 8 track seek in Fig. 36 (2/2). 

Fig. 50 is a drawing explaining an example of the design 
trajectory for the 9 to 12 track seek in Fig. 36 (1/2). 

Fig. 51 is a drawing explaining an example of the design 
trajectory for the 9 to 12 track seek in Fig. 36 (2/2). 

Fig. 52 is a drawing explaining an example of the design 
trajectory for the 13 to 16 track seek in Fig. 36 (1/2). 

Fig. 53 is a drawing explaining an example of the design 
trajectory for the 13 to 16 track seek in Fig. 36 (2/2). 
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Fig. 54 is a drawing explaining an experiment example 
of another embodiment of the invention (1/2) • 

Fig. 55 is a drawing explaining an experiment example 
of another embodiment of the invention (2/2). 

Fig. 56 is a drawing of the steady-state bias 
characteristics. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 
The embodiments of this invention will be explained 
by dividing them into the disk device, positioning control 
system, positioning control process, example of bias 
estimation, positioning control for another embodiment, 
positioning control for a further embodiment, trajectory 
generation method, example of trajectory control, and 
another embodiment . 

Disk Device — 

Fig • 1 is a top view of the disk device of an embodiment 
of the invention, and Fig. 2 is a cross-sectional view of 
that disk device. In this example, a hard disk drive is 
used as the storage device . 

As shown in Fig. 1 and Fig. 2, magnetic disks 6 are 
such that they form storage layers on a substrate (disk 
plate). The size of the magnetic disks 6 is 2.5 inches, 
and there are three disks inside the drive. A spindle motor 
5 supports and rotates the magnetic disks 6. A magnetic 
head 4 is located on the actuator. The actuator comprises 
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a rotary-type VCM (voice coil motor) 3, arm 8 and flexure 
(suspension) 9. The magnetic head 4 is attached to the 
tip of the flexure 9. 

The magnetic head 4 reads and writes data from and on 
the magnetic disks 6. Theactuator 3 positions the magnetic 
head 4 at a desired track on the magnetic disks 6. The 
actuator 3 and spindle motor 5 are located on a drive base 
2. A cover 1 covers the drive base 2 and separates the 
internal working of the drive from the outside. A printed 
circuit board 7 is located under the drive base 2, and it 
contains circuits for controlling the drive. A connector 
10 is also located under the drive base 2 and connects the 
control circuits with the outside. 

This drive is compact with dimensions of about 90 mm 
(Horizontal) x 63 mm (Vertical) x 10 mm (Width). It is 
used as the internal disk drive of a personal computer. 

Fig. 3 is a block diagram of the control circuits on 
the printed circuit board 7 and in the drive. A HDC (hard 
disk controller) 18 receives commands from the host CPU 
and generates internal magnetic disk drive control signals 
for controlling the interface with the host CPU such as 
receiving data, and for controlling the read/write format 
of the magnetic disk medium 6. A buffer 17 is used for 
temporarily storing write data from the host CPU and for 
temporarily storing the data read from the magnetic disk 
6 . 

A MCU (micro controller) 19 comprises a microprocessor 
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(MPU), DA converter and AD converter. The MCU (called the 
MPU below) 19 performs servo controls for positioning the 
magnetic head 4. The MPU 19 executes the program stored 
in memory, detects the position signal from the servo 
demodulation circuit 16, and controls the VCM control 
current of the actuator 3 for positioning. Furthermore, 
the MPU 19 controls the drive current for the SPM drive 
circuit 1 4 . 

The VCM drive circuit 13 comprises a power amp for 
flowing drive current to the VCM (voice coil motor) 3 . The 
SPM drive circuit 14 comprises a power amp for flowing drive 
current to the spindle motor (SPM) 5 that rotates the 
magnetic disk 6. 

Areadchannel 15 is thee ircuit for reading and writing . 
The read channel 15 comprises a modulation circuit for 
writing the write data from the host CPU to the magnetic 
disk medium 6, a parallel-to-serial conversion circuit, 
a demodulation circuit for reading data from the magnetic 
disk medium 6 and a serial-to-parallel conversion circuit. 
The servo demodulation circuit 16 is a circuit for 
demodulating the servo pattern written to the magnetic disk 
medium 6, and comprises a peak hold circuit and an 
integrating circuit . 

It is not shown in the figures, however in the drive 
HDA there is a head IC that comprises a writing amp that 
supplies current to the magnetic head 4 for writing, and 
a preamp for amplifying the read voltage from the magnetic 
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head 4 . 

Here an example of a magnetic disk drive is explained 
as the disk device, however, it is also possible to use 
an optical disk drive such as a DVD or MO, a magnetic card 
device or an optical card device. Here a device capable 
of reading and writing is shown, however a read-only device 
(reproduction device) could also be used. 

[Positioning Control System] 

Next, the positioning control system executed by the 
MPU 19 is explained. 

Fig. 4 is drawing showing the transition of the seek 
operation ,andFig.5isa drawing of a model of the observer . 

As shown in Fig. 4 , the seek operation is the transition 
between coarse control, settling control, and following 
control. Coarse control controls the velocity to the 
target position. Coarse control comprises velocity 
control , PDcontrolor observer control that does not include 
steady-state bias estimation. There is no integrating 
element (integral compensation or bias compensation) 
included in the control system. The unit for velocity in 
the SI unit system is meters/sec. However, in the case 
of a disk drive, the unit for reading or writing data is 
tracks , so the velocity is expressed as the number of tracks 
per sample, tracks / sample . 

As shown in Fig. 4, coarse control switches the control 
mode among acceleration, constant velocity, and 
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deceleration. In the acceleration mode, current flows to 
increase the velocity. In the constant-velocity mode, the 
current is ' 0' or a previously measured bias compensation 
current flows, to keep the velocity constant. In the 
deceleration mode, the current flows in the opposite 
direction of the current during acceleration, to bring the 
velocity to almost zero near the target position. When 
the distance is very short, the constant-velocity mode is 
eliminated . 

Following control controls the magnetic head 4 so that 
it follows the target position. Following control 
comprises PID control, PI x Lead Lag, or observer control 
that includes steady-state bias estimation. This control 
is characterized by there being an integral element 
(integral compensation or bias compensation) included in 
the control system. The unit of the target position in 
the SI unit system is meters. However, in the case of a 
disk drive, the unit for reading or writing data is tracks, 
so it is expressed in tracks or cylinders. 

Settling control is the control mode that connects 
coarse control with f ol lowing control . In sett 1 in g control , 
there is an integral element included in the control system. 

Next, observer control as suitable position control 
of this invention will be explained. Observer control is 
a method for simulating a control model for realizing a 
status feedback control. The actuator of the hard disk 
drive ( HDD ) is expressed by the transfer function of equation 
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(1) . 



Bl 1 



y = 




u 



In the equation above, 'y' is the position, 1 Bl 1 is 
the power constant, 'm' is the mass, ' s' is the Laplace 
operator, and 'u' is the value of the drive current. In 
this expression , a rotation response is converted to a linear 
response . 

When this expression of the transfer function is 
expressed in status format, the following equations (2) 
result . 



Here, 'x' and 'y f are position and 'v' is the velocity. 
These equations are in SI units, where position is in 
meters, velocity is in m/sec, and current is in ampere. 
However, in an actual device, the target position is in 
track units , and when the sample period is taken to be T( s ) , 
then it is better for the velocity to be expressed in units 
of track/sample. Furthermore, since the current output 
is set to a digital-analog converter ( DAC ) , it is best for 
the maximum current to be normalized to ' r • In this way, 
by converting units, equations (2) are converted to 
equations (3). The status variables are converted to new 
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10 



m 



x\ 
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(3) 



When this analog model is converted to a digitized 
digital model, the following equations (4) are obtained. 



W + l]) = {o 1 

Here, Ka = Bl/m. 



x[k] 



(l/2\ 

+ Ka\ . u[k] (4) 



v[k]) [1 ) 
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It is possible to construct an observer control system 
based on these equations. In order to actually apply 
observer control, the current observer construction of the 
following equations (5) are used. 



L2 



v_hat[k]\ Iv _bar[k]\ 
u[k] = -Fx x_hat[k]-Fvv_ hat[k] 
u_out[k] = u[k] + BiasTable(y[k]) 



x_bar[k _ /l 1 V x _ hat[k]\ (T 2 1 2\ 
v_bar[k+\])~\Q l)[v_hat[k]) T 2 j 



(5) 
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The model of these equations is the model shown in Fig. 
5. An explanation is given based on Fig. 5. The estimated 
position x hat[k] and the estimated velocity v hat[k] for 
this time are obtained by adding the estimated position 
x bar [k] and estimated velocity v bar[k] for this time, 
that were calculated during the previous sample, to the 
difference between the observed position (detected 
position) y(k) and estimated position x bar [k] that are 
multiplied by the gain L. The instruction value u(k) for 
this time is obtained by multiplying the current estimated 
position x hat[k] and estimated velocity v hat[k] by the 
gain F. The output current value u out(k) is obtained by 
adding the bias table value BiasTable (y[k]) to the 
instruction current value u(k) . 

The estimated position x bar [k+1 ] and estimated 
velocity v bar [K+1] of the next sample time, that are 
estimated according to this instruction current u(k), are 
calculated from the estimated position x hat[k] and 
estimated velocity v bar [k+1] for this time and the 
instruction current u(k) . 

The bias table value BiasTable ( y [ k ] ) is the average 
value of previously measured bias values and is stored in 
a table. This control system is used in coarse control. 
Since the average bias value is corrected even in coarse 
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control, there are few velocity errors due to bias. 

Next, the observer control system used on settling 
control and following control and that included bias value 
estimation will be explained. A steady-state bias model, 
or in other words, the following equation (6) is added to 
the analog plant model (equations (3)) in units of 
acceleration. Furthermore, when these equations are 
digitized and a current observer is constructed in the same 
way as described above, the observer control system of 
equations (7) are obtained. 
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These equations (7) are the result of adding bias , B I 
as acceleration to the model in Fig. 5, and as a model is 
the same. 

In other words, The estimated position x hat[k], 
estimated velocity v hat[k] and estimated bias b hat[k] 
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for this time are obtained by adding the estimated position 
x bar[k], estimated velocity v bar[k] and estimated bias 
b bar[k] for this time, that were calculated during the 
previous sample, to the difference between the observed 
position (detected position) y(k) and estimated position 
xbar[k] that are multiplied by the gain L . The instruction 
value u(k) is obtained by multiplying the current estimated 
posit ion x hat [ k ] , estimated velocity v hat [ k ] and estimated 
bias b hat[k] by the gain F. The output current value u 
out(k) is obtained by adding the bias table value BiasTable 
(y[k]) to the instruction current value u(k). 

The estimated pos it ion x bar [ k+1 ] , estimated velocity 
v bar[K+l] and estimated bias b bar [k+1 ] of the next sample 
time , that are estimated according to this instruction 
current u(k), are calculated from the estimated position 
x hat [ k ] , estimated velocity v bar [ k+1 ] and estimated bias 
b hat[k] for this time and the instruction current u(k). 

The construction of this observer control system is 
used for settling control and following control. The 
steady-state bias is estimated and corrected so the DC 
component of the position error becomes ' 0 ' . The observer 
gain (11/ L2) or ( L 1 , L2 , L3), and the status feedback gain 
(Fx, Fv) or (Fx, Fv, Fb ) are obtained from known optimal 
control theory or optimal pole location method. 

Next, the settling control of this invention is 
explained. Fig. 6 shows a model of the settling control 
of an embodiment of this invention, Figs. 7 and 8 show 
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simulation of the response to the bias value of the observer 
control system with no estimation of steady-state bias, 
Fig. 9 shows the relationship between the shift in actual 
position and estimated position with respect to the bias, 
and Fig. 10 shows the relationship between the shift in 
actual velocity and estimated velocity with respect to the 
bias . 

As shown in Fig. 6, there is an initial bias estimator 
21 for the observer 20. The initial bias estimator 21 is 
explained . 

In the deceleration mode in coarse control just before 
settling control, the control system does not include an 
integrator (or bias estimator). In settling control and 
following control, the control system includes an 
integrator ( or bias estimator ) . The initial bias estimator 
21 calculates the difference between the observed position 
x bar[k] of the observer 20, and the actual position y[k] 
at the start of or just before the start of settling, then 
multiplies that position error(the difference) by a preset 
gain Kx to calculate the initial bias, and sets that initial 
value in the observer 20. 

Furthermore, the estimator 21 calculates the product 
of the position error and the gain Kv and adds it to the 
estimated velocity v bar[k] of the observer 20 to correct 
the estimated velocity. In Fig. 6, the target position 
• Y0 1 is subtracted from the detected pos it ion y [ k ] (absolute 
position) , and that value is taken to be the actual position 
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(relative position) y[k]. The detected position y[k] is 
obtained from the position signal of the magnetic head 4. 

This theory is explained. In a control system (coarse 
control) that does not include an integrator (or bias 
estimator), when the bias value is added, shifts occur in 
the estimated position and velocity value of the observer. 
This shift is proportional to the bias value. Therefore, 
by detecting the position error, it is possible to estimate 
the bias value. 

Fig . 7 and Fig . 8 are simulation drawings of the response 
to the bias value of an observer control system that does 
not include steady-state bias estimation when the pole of 
the status feedback is taken to be 330 Hz. Fig. 7 shows 
the time response for the instruction current U ( % ) , position 
P (track), velocity V (track/sample), position error 
(actual position y - observed position x), velocity error 
(actual velocity v - estimated velocity vhat), when the 
initial position and initial velocity are * 0*, and when 
a steady-state bias of +4 mA is applied. 

Fig. 8 shows the time response for the instruction 
currentu (%) , pos it ion P (track ) , velocity V ( trac k/s ample ) , 
position error (actual position y - observed position x), 
velocity error ( actual velocity v - estimated velocity vhat ) , 
when the initial position is -32 track and initial velocity 
is 1 10 1 , and when a steady-state bias of +4 mA is applied. 

In Fig. 7 and Fig. 8, where there are two lines for the 
position P (track) and velocity V (track/sample), the top 
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line is the estimated position or estimated velocity, and 
the bottom line is the real position or real velocity. 

In both Fig. 7 and Fig. 8, the position error between 
the real position and the estimated position, and the 
velocity error between the real velocity and estimated error 
show the same response. Also, after 1.5 ms , they show 
constant values. The value for the position error is 0.47 
tracks, and the velocity error is 0.40 tracks/sample when 
the bias value is 4 mA. 

When the relationship between the bias value Bias and 
position error Position Offset and velocity error Velocity 
Offset are simulated, the relationship between bias value 
Bias and position error Position Offset shown in Fig. 9, 
and the relationship between bias value Bias and velocity 
error Velocity Offset shown in Fig. 10 are obtained. It 
can be seen that the shift in estimated position (position 
error Position Offset) and the shift in estimated velocity 
(velocity error Velocity offset) are proportional to the 
bias value Bias. This means that in an observer control 
system that does not include steady-state bias estimation 
it is possible to estimate the bias value by determining 
the error between the real position and the position 
estimated by the observer. 

In addition, it is possible to estimate the bias value 
based on the error between the real position and the observer 
estimated position that is measured at the beginning of 
settling. The bias value b bar [k] can be obtained from 
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equation (8) below. 

b bar[k] = Kx (y[k] - x bar[k] ) (8) 

Similarly, it is possible to correct the velocity 
error. The corrected estimated velocity v bar [k] can be 
obtained from equation (9) below. 

v bar[k] = va bar[k] + Kv (y[k] - x bar[k]) (9) 

Note that it is necessary to switch the gain Kx, Kv 
depending on the seek direction. 

This estimated bias value can be obtained, as described 
above, in an observer control system that does not include 
steady-state bias estimation. Therefore, it is calculated 
as the initial value before settling control that is 
performed by observer control that includes steady-state 
bias estimation, or in other words, at the start or just 
before the start of settling. From then on, this initial 
value is used in settling control by observer control that 
includes steady-state bias estimation. 

In this way, it is possible to accurately estimate the 
bias value. Moreover, it is possible to suppress 
fluctuation in seek time that accompany the fluctuations 
in the bias value during seeking. Therefore, the average 
seek time is reduced. For example, the average seek time 
for a 2.5-inch HDD can be reduced to 10 ms . 
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Also, here the observer estimated position is used to 
estimate the bias value. However, the observer estimated 
position is expressed by the previous position, velocity 
and current value. In addition, since the velocity is small 
enough, the observer estimated value can be expressed by 
the previous position and current. With this equation, 
the observer estimated position does not need to be used. 
In other words, the position can be similarly calculated 
from just an equation that estimates the next sample 
position from the previous sample position. 

Next, in this invention, in order to further reduce the 
settling time, feed forward control is used during settling 
control. Inother words , by just estimating the bias value , 
there are limits to how much the settling time can be reduced 
because the response depends on the control band of the 
control system and the poles of the state feedback. For 
example, when the state feedback pole is located at 500 
Hz, then convergence takes 1/500 = 2 ms . 

In order to speed up the response, feed forward control 
is used in the settling control. To do this, a track 
generator 22 is installed as shown in Fig. 6. The track 
generator 22 generates a target track and feed forward 
current (called FF current below) according to the initial 
position •xO' and initial velocity ' vO ' at the start of 
settling, and gives them to the control system. 

It is necessary to generate this target track and feed 
forward current corresponding to the initial position ' xO ' 
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and initial velocity 'vO' . The track and current for doing 
this are designed in advance. In this control, it is 
necessary to design by taking into consideration the effect 
of the cut-off frequency of the current amp, and the effect 
of resonance of the actuator . 

Fig. 11 is a block diagram for designing the track and 
FF current. Fig. 12 is a drawing showing the 

characteristics of a FIR filter for suppressing resonance 
of the actuator. Fig. 13A and Fig. 13B are drawings 
explaining the basic wave. Fig. 14 to Fig. 17 are drawings 
explaining the design track. 

First, the track for the target position is designed 
as follows. As shown in Fig. 11, a FIR filter 51 is prepared 
for removing the resonant frequency component. The FF 
current is designed by passing an arbitrary waveform to 
this FIR filter 51 from a basic wave generator 50. In this 
way, the resonant frequency component is removed from the 
des igned waveform . 

This FIR filter 51 is such that it contains the zero 
point of the resonant frequency. This dampens the 
frequency component of the zero point or makes it zero. 
Here, when an arbitrary waveform is passed through this 
FIR filter 51, the waveform that is output from the FIR 
filter 51 becomes a waveform for which the gain near the 
resonant frequency has been suppressed. As shown in Fig. 
11, the position track is obtained by applying the current 
that has been passed through the FIR filter 51 to a plant 
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model 52 . 

Fig. 12 is a drawing showing the characteristics of 
the frequency of the FIR filter 51 that suppresses 5.8 kHz 
actuator resonance. Here, the zero point is placed at two 
frequencies near 5.7 kHz and 5.9 kHz, to remove a wide 
frequency component near 5.8 kHz. It is possible to use 
just one zero point, or it is possible to use a plurality 
of zero points placed at different locations. 

Next, the trajectory is divided into a position 
trajectory and a velocity trajectory. In other words, 
provided is the first trajectory (position trajectory) when 
the initial position is 1 track and the initial velocity 
is 0 track/sample, and the second trajectory (velocity 
trajectory) when the initial position is 0 track and the 
initial velocity is 1 track/sample. Moreover, the 
trajectory when the initial position is track XO and the 
initial velocity is VO tracks / sample , is synthesized by 
multiplying the two trajectories by gains of XO and VO . 
In this way, it is possible to obtain the trajectories for 
an arbitrary initial position and initial velocity by 
synthesizing one unit track. 

Furthermore, the method of generating the target track 
for settling control and the method of generating the 
trajectory for controlling the resonant frequency 
component of the actuator are explained. 

The resonant frequency is taken to be Fr (Hz). When 
there are changes in the resonant frequency due to different 
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solids, aging or temperature change, the average value of 
the resonant frequencies is used. In this case, the value 
obtained by the following equations is used. The sample 
period is taken to be T(s). Here, the sample period is 
the time interval for changing the current. It may be 
different than the period for detecting the position. 

CO = 2 7T • Fr 

S 2 + 2 £ COs + CO 2 = 0 

Z 0 = exp(sT) 

' Z0' is expressed the zero point of the filter that 
corresponds to the resonant frequency in a discrete system. 
There is not one ' Z0' but rather two or a complex number. 
Here, they will be expressed as ' Z01' and ' Z02'. 

Consider the FIR filter that contains 'Z0' as a zero 
point . 

F(z) = (l-Z 0 iZ- 1 )(l-Zo2Z" 1 )=l-( Z01 + Z02 ) Z _1 + ZoiZ 0 2Z" 2 

This characteristic is the same as for a notch filter. 
In Fig. 12 a total of four zero points 'Z0 1 have been designed 
and synthesized (connected in series with the filter) at 

frequencies 5 . 7 kHz and 5 . 9 kHz and with £ set to 0 . When 
the base wave is passed through this filter, the filter 
output is a wave in which the resonant frequency component 
has been controlled. Here, passing the rectangular 
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waveform shown in Fig. 13A through the filter as the basic 
wave, tracks ( FF current, position track) are generated 
that correspond to the initial position for settling control . 
Also, by passing the rectangular waveform shown in Fig. 
13B through the filter, trajectories (FF current, position 
trajectory) are generated that correspond to the initial 
velocity . 

The design of the position trajectory is obtained by 
designing a trajectory such that only the initial position 
moves after movement and where the current and velocity 
become zero. Also, in designing a trajectory for the 
initial velocity, it is okay to design trajectory where 
the velocity and position both become zero. 

In other words, the track for the position is designed 
by letting a suitable current flow. By dividing the current 
by the distance moved, it is possible to design the current 
for the distance 1 track. As shown in Fig. 14, with the 
initial velocity zero, the current, velocity and position 
trajectories for moving 1 track are obtained by simulation. 

Next, the current that will give a constant velocity 
is designed. After the current has flowed, constant 
velocity is maintained. By dividing the distance by that 
constant velocity, the track that will give 1 track/sample 
is obtained. Fig. 15 shows the current, velocity and 
position trajectories for obtaining a velocity of 1 
track/ sample . 

Next, when the initial conditions are 0 track, and 1 
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track/sample , the arrival position in the minus direction 
that gave the aforementioned trajectory is obtained. Fig. 
1 6 shows the current , velocity and pos it ion tracks for making 
the velocity 1 0 1 from an initial position of ' 0 1 and initial 
velocity of 1 track/ sample . By applying the aforementioned 
position trajectory in order to make the arrival position 
'0 1 , it is possible to design trajectories that will go 
from an initial position of 0 track, and initial velocity 
of 1 track/sample, to end with a position of ■ 0' track and 
velocity of 0 tracks / sample . Fig. 17 shows the 

trajectories (current, velocity, position) that will go 
from an initial position of 0 track and initial velocity 
of 1 track/sample, and end at a position of 0 track and 
velocity of 0 tracks /sample . 

In this way, it is possible to design a trajectory with 
initial conditions of 1 track and initial velocity of 0 
tracks /sample , and end conditions of 0 track and 0 
trac ks / sample , and a trajectory with initial conditions 
of 0 track and initial velocity of 1 track/sample, and end 
conditions or 0 track and 0 tracks /sample . 

Fig. 6 shows an example, of the trajectories shown in 
the figures, that give current and position to the control 
system. In other words, the trajectory generator 22 
contains a current track and target position track. 
Therefore, there are current unit track generators 36, 38 
and target position unit trajectory generators 30, 31. 
Moreover, the target position unit trajectory generators 
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3 0 , 3 1 are driven by a clock source, and then a target position 
trajectory, that is proportional to the initial position 
•X0' and initial velocity ' V0 1 at the start of settling, 
is generated by multipliers 32 , 33 and an adder 34. This 
target position trajectory is given to the adder 23 in a 
prior step of the observer 20 as a target value, and the 
difference between the target position and the detected 
position is found and the difference is input to the observer 
20 as the observed position. 

Similarly, the current unit trajectory generators 36, 
38 are driven by a clock source, and then a target position 
trajectory, that is proportional to the initial position 
'X0' and initial velocity 1 V0 1 at the start of settling, 
is generated by multipliers 37 , 39 and an adder 40. This 
target trajectory is given to an adder in the output stage 
of the observer 20 as the feed forward current. 

Since feed forward control is performed during settling 
control in this way, high-speed response is possible. Also, 
since current amp characteristics as well as the resonant 
effects are considered during trajectory design, 
high-speed response is possible even when feed forward 
control is performed . 

[Positioning Control Process ] 

Next, the positioning control process by a program 
executed by the MPU 19 will be explained. Fig. 18 is a 
flowchart of the task controls of the positioning control 
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process. Fig. 19 is a flowchart of the coarse control process . 
Fig. 20 is a flowchart of the settling control process. 
Fig. 21 is a flowchart of the following control. 

First, the positioning control process will be 
explained using Fig. 18. 

(51) This task process is executed when an on-track 
start command is received. First, it is judged whether the 
target value ' y0' has changed. 

(52) When the target value * yO ' has not changed, 
following control (described later using Fig. 21) is 
executed and the process returns to step SI. 

(53) When the target value ' yO 1 has changed, the 
distance to the target value ' y0' is checked whether it 
is 4 tracks or less. 

(54) When the distance to the target value 'yO' is not 
4 tracks or less, coarse control (described later using 
Fig. 19) is executed and the process returns to step S3. 

(55) When the distance to the target value 'yO' is 4 
tracks or less, then the specified settling conditions are 
checked whether they are satisfied. When the specified 
settling conditions are satisfied, processing advances to 
following control of step S2 . The judgment conditions will 
be explained for the settling control in Fig. 20. 

(56) When the specified settling conditions are not 
satisfied, settling control (described later using Fig. 
20) is executed and the process returns to step S5. 

In the seek process, when coarse control is performed 
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and the distance is within 4 tracks, then processing moves 
to settling control, and when the settling conditions are 
satisfied, processing moves to following control. 

Next, coarse control is explained using Fig. 19. This 
coarse control is velocity control using an observer. 

(510) The estimated position x bar[k] for this time 
is initialized to the distance (y[k]-yO). y[k] is the 
detected position (current position) obtained from the head 
4, and 'yO 1 is the target position. 

(511) The target velocity vobj[k] that corresponds 
to the distance (y[k]-yO) is calculated according to the 
velocity curve for coarse control shown in Fig. 4. 

(512) Also, the estimated position x hat[k] and 
estimated velocity v hat[k] for this time are obtained from 
the sum of the estimated position x bar[k] and estimated 
velocity v bar[k] for this time that were calculated during 
the previous sample, and the difference between the observed 
position (detected position) y(k) and estimated position 
x bar[k] that is multiplied by a gain L . The equations 
are shown below. 

x hat[k] = x bar[k] +L4(y[k]-x bar[k]) 
v hat[k] = v bar[k] +L5(y[k]-x bar[k]) 

(513) The instruction current u[k] is obtained by 
multiplying the difference (velocity error) between the 
estimated velocity v hat[k] and target velocity vobj[k] 
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for this time by a gain F. The output current u out(k) 
is obtained by adding the bias table value BiasTable ( y [ k ] ) 
to the instruction current u(k). The equations are given 
below . 

u[k] = -F4 (v hat [ k] -vob j [ k] ) 

u out[k] = u(k) + BiasTable (y[k]) 

(514) The estimated position x bar [k+1 ] and estimated 
velocity v bar [k+1 ] that are estimated for the next sample 
using the instruction current u(k), are calculated from 
the estimated position x hat[k] and estimated velocity v 
hat[k] for this time, and the instruction current u(k). 
The equations are given below. 

x bar[k+l] = x hat[k] + v hat[k] + Am/2-u(k) 
v bar [k+1] = v hat[k] + Am • u ( k ) 

(515) The distance (y[k]-yO) is checked whether it is 
4 tracks or less. When the distance (y[k]-yO) is 4 tracks 
or less, then processing moves to settling control. To 
make this easier to understand, the conditions in Fig. 17 
are duplicated here. 

(516) When the distance (y[k]-yO) is not 4 tracks or 
less, processing waits for the next sample and then returns 
to step S 1 1 . 

Coarse control is performed in this way. 
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Next, settling control will be explained using Fig. 
20. This settling control is the observer control that 
estimates the steady-state bias. 

(520) Initial values are set at the start of settling. 
First, the estimated velocity v bar[k] is set to the current 
velocity V0 . As previously mentioned, when doing this, 
it is corrected by the difference between the observed 
positiony[k] and the estimated position x bar [ k] . Inother 
words , the initial value for the estimated velocity v bar [ k ] 
is obtained from equation (9) above. 

v bar[k] = v bar[k] + Kv • (y[k]-x bar[k]) (9) 

Moreover , based on the error between the actual position 
and the observer estimated position, the initial bias value 
is calculated from equation (8) above. 

b bar[k] = Kx • (y[k] - x bar[k] ) (8) 

Furthermore, the estimated position x bar[k] is set 
to the current position X0 (= y[k] ) . Next, the count value 
Count, that indicates the aforementioned feed forward 
period, is initialized to ' l 1 . 

(521) The count value Count is then checked whether 
it is over the value f N f (feed forward end value). 

(522) When the count value Count is not over the value 
1 N 1 , then the unit track values PxTable [ Count ] and 
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PvTable [ Count ] , that correspond to the count value Count, 
are read from the track table (blocks 30 and 31 in Fig. 
6) , and the track value Pref that corresponds to the initial 
position X0 and initial velocity V0 is calculated by the 
equation below. 

Pref = X0 • PxTable [ Count ] + V0 • PvTable [ Count ] 

Moreover, the unit current values UxTable [ Count ] and 
Uvtable [ Count ] , that correspond to the count value Count, 
are read from the current table (blocks 36 and 38 in Fig. 
6), and the current Uff, that corresponds to the initial 
position ' X0 1 and initial velocity 'V0' , is calculated by 
the equation below. 

Uff = X0 • UxTable[Count ] + V0 • UvTable [ Count ] 

Furthermore, the count value Count is increased by ' 1 ' . 

(523) On the other hand, when the count value Count 
is greater than the value 1 N 1 , the feed forward period is 
finished, so the track value Pref and current value Uff 
are set to 1 0 1 . 

(524) Also, the estimated position x hat[k] , estimated 
velocity v hat[k] and estimated bias b hat[k] for this time 
are obtained from the sum of the estimated pos it ion x bar [ k ] , 
estimated velocity v bar[k] and estimated bias b bar[k] 
for this time that were calculated during the previous sample , 
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and the difference between the observed position (detected 
position) y(k) and estimated position x bar[k] and track 
value Pref that is multiplied by a gain L. The equations 
are shown below. 

x hat[k] = x bar[k] + Ll(y[k] - x bar[k] - Pref) 
v hat[k] = v bar[k] + L2(y[k] - x bar[k] - Pref) 
b hat[k] = b bar[k] + L3(y[k] - x bar[k] - Pref) 

(525) The instruction current u[k] is obtained by 
multiplying the estimated velocity v hat[k], target 
velocity vobj[k] and estimated bias value b hat[k] for this 
time by a gain F. Furthermore, the output current u out(k) 
is obtained by adding the bias table value BiasTable ( y [ k ] ) 
and FF current value Uff to the instruction current u(k). 
The equations are given below. 

u[k] = -Fl • x hat[k] - F2 • v hat[k] - F3 • b hat[k] 
u out[k] = u(k) + BiasTable (y[k]) + Uff 

(526) The estimated position x bar[k+l], estimated 
velocity v bar [k+1 ] and estimated bias value b bar[k+l] 
that are estimated for the next sample using the instruction 
current u(k), are calculated from the estimated position 
x hat[k], estimated velocity v hat[k] and estimated bias 
value b hat[k] for this time, and the instruction current 
u(k). The equations are given below. 
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x bar[k+l] = x hat[k] + v hat[k] + b hat[k] + Ka/2 • 

u(k) 

v bar[k+l] = v hat[k] + 2 * b hat[k] + Ka-u(k) 
b bar[k+l] = b hat[k] 

(S27) The settling is now checked whether it has 
finished. For example , when the distance (y[k]-yO) becomes 
within 0.1 track (during reading), or the state of within 
0. 1 trackcontinues for a specified sample ( during writing ) , 
settling is determined to be finished. A notification that 
settling is finished (enables reading/writing) is sent and 
processing ends. In other words, processing moves to 
following control shown in Fig . 17. To make the explanation 
easier to understand, the transition conditions of Fig. 
17 are duplicated. When settling has not finished, 
processing returns to step S21 . 

Settling control is performed in this way. 

Next, following control will be explained using Fig. 
21. This following control is observer control that 
estimates the steady-state bias . 

(S30) First, the estimated position x hat [ k ] , estimated 
velocity v hat[k] and estimated bias b hat[k] for this time 
are obtained from the sum of the estimated pos it ion x bar [ k ] , 
estimated velocity v bar[k] and estimated bias b bar[k] 
for this time that were calculated during the previous sample , 
and the difference between the observed position (detected 
position) y(k) and estimated position x bar[k] that is 
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multiplied by a gain L. The equations are shown below. 

x hat[k] = x bar[k] + Ll(y[k] - x bar[k] ) 
v hat[k] = v bar[k] + L2(y[k] - x bar[k] ) 
b hat[k] = b bar[k] + L3(y[k] - x bar[k]) 

(531) The instruction current u[k] is obtained by 
multiplying the estimated velocity v hat[k], target 
velocity vobj[k] and estimated bias value b hat[k] for this 
time by a gain F. Furthermore, the output current u out(k) 
is obtained by adding the bias table value BiasTable ( y [ k ] ) 
to the instruction current u(k). The equations are given 
below . 

u[k] = -Fl * x hat[k] - F2 • v hat[k] - F3 • b hat[k] 
u out[k] = u(k) + BiasTable (y[k]) 

(532) The estimated position x bar[k+l], estimated 
velocity v bar[k+l] and estimated bias value b bar[k+l], 
that are estimated for the next sample using the instruction 
current u(k), are calculated from the estimated position 
x hat[k], estimated velocity v hat[k] and estimated bias 
value b hat[k] for this time, and the instruction current 
u(k). The equations are given below. 



x bar[k+l] = x hat[k] + v hat[k] + b hat[k] + Ka/2 • 

u(k) 
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v bar[k+l] = v hat[k] + 2 * b hat[k] + Ka-u(k) 
b bar[k+l] = b hat[k] 

(S33) Processing then waits for the next sample and 
returns to step S30. 

Following control is performed in this way. 

Also, since each of the steps of following control are 
the same as steps S24 to S26 of settling control, it is 
possible to use the same flow. 

[Example of Bias Estimation] 

Next, the test results are shown. Fig. 22 and Fig. 
23 show the response waveform of the prior settling control 
(observer control where the initial bias value is set to 
'()'). Fig. 24 and Fig. 25 show the response waveform of 
the settling control of this invention . 

Fig . 2 2 shows the current , observed position and control 
mode for the prior settling control, and Fig. 23 shows the 
estimated bias value and control mode for the prior settling 
control . As can be seen in Fig. 22, it takes 4 ms to converge 
on the position during settling. The reason for this, as 
shown is Fig. 23, is that it takes about 3 ms to converge 
on the estimated bias value. The reason that the 
convergence time becomes long is that the estimated bias 
value at the start of settling is not the correct value. 

Fig. 24 shows the estimated bias value and control mode 
of settling control of this invention, and Fig. 25 shows 
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the current, observed position and control mode of settling 
control of this invention. As can be seen in Fig. 24, the 
correct bias value is shown from the start of settling. 
Moreover, this bias value is constant and does not fluctuate 
directly after settling starts. Furthermore, as shown in 
Fig. 25, the FF current and target position track, that 
correspond to the initial position and initial velocity, 
are given for 4 samples from the start of settling. 
Therefore, the position quickly reaches the target position. 
In this example, the settling time is 2 . 5 ms . In the prior 
example shown in Fig. 22, it took 4 ms . When the average 
seek time is 10 ms , for example, this 1.5 ms improvement 
is large. 

Next, the fluctuation in settling time when seeking 
is performed 10,000 times is tested for a 2.5-inch HDD. 
Fig. 26 is a histogram of the settling time for the prior 
settling control, and Fig. 27 is a histogram of the settling 
time of the settling control of this invention. The 
distance is 1024 tracks. The conditions for the seek 
control method are the same, and only settling control is 
changed . 

As shown in Fig. 26, the settling time for the prior 
settling control fluctuated. Therefore , the average value 
is a long 3.1 ms . As shown in Fig. 27, the settling time 
in the settling control of this had little fluctuation, 
and the average value became 2 . 5 ms . It is possible to reduce 
the average time by 0.6 ms . Furthermore there is little 
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fluctuation . 



Positioning Control of Another Embodiment 
Fig. 28 shows a model of the positioning control system 
of another embodiment of this invention. In this 
embodiment , velocity control is used for the coarse control , 
and PID control is used for the settling control and 
following control . 

In coarse control, velocity is generated according to 
the position difference. In other words, the actual 
velocity v[k] is obtained by the following equation. 

v[k] = y[k] - y[k-l] 

Moreover, the velocity table is referenced for the 
distance (y[k] - yO) remaining to the target position yO , 
to generate the target velocity VelTable ( y [ k ] -y 0 ) , then 
the velocity error is fed back, and the instruction current 
u[k] and output current u out[k] are obtained. 

u[k] = -F • (v[k] - VelTable(y [ k] - yO ) ) 
u out[k] = u[k] + BiasTable(y [ k] ) 

At this time, the distance y hat [ k+1 ] for the next sample 
is estimated. 

y hat[k+l] = y[k] + v[k] + Am/2 • u[k] 
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A PID regulator is used during settling control. In 
other words, the position, derivative and integral 
components are obtained by the following equations, and 
then multiplied by a gain to generate current. 

x[k] = y[k] - yO 

v[ k] = x[ k] - x[ k-1 ] 

xi[k] = xi[k-l] + x[k] 

u[k] = -Fp*x[k] - Fi*xi[k] - Fv • v[k] 



The bias value b[k] is estimated by the aforementioned 
equation (8) at the start of settling, and it is set as 
the integral component of the PID regulator. 

In this way it is possible to apply it to a control 
system that does not use an observer. 

Next, yet another embodiment of the invention is 
explained . 

Fig. 29 shows a model of another embodiment of the 
invention . 

Fig. 29 shows an example of the change in FF control 
of the control system of Fig. 6. The same code numbers are 
used for items that are the same as in Fig. 6. First, the 
model (track generator) 22 in Fig. 6 calculates the position 
x[k], velocity v[k] and current u[k]. The construction 
of this model 22 is basically the same as that in Fig. 6, 
however, generation of the velocity v[k] is different. At 
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this time, a feedback system is constructed as shown in 
the figure. First, the differences between the position 
and velocity x[k], v[k] of the target track generator 22 
and the position and velocity of the observers 20, 21 are 
obtained by a differentiator 26, and then multiplied by 
the feedback gain (-F), to generate a feedback current for 
the shift from the track. The FF current u[k] is then added 
to this by an adder 24. 

Fig. 30 shows a model of still a further embodiment 
of the invention, and shows a variation from Fig. 29. 

Here, after the target pos it ion x [ k ] and target velocity 
v[k] of the model 22 are multiplied by a feedback gain (F) 
it is added to the system as current. In other words, the 
FF current u[k] and this current are added by an adder 25, 
and then added to the adder 24. By doing this, only the 
value of the current need to be saved in a table. In other 
words, there is a FF current for the initial position and 
a FF current for the initial velocity. It is no longer 
necessary to have a target position trajectory. 

[Positioning Control of Another Embodiment] 

Next, the trajectory control explained using Fig. 6 
will be explained in further detail. Fig. 31 is a block 
diagram of the positioning control system of another 
embodiment of the invention, Fig. 32 is a block diagram 
of the long-distance seek control (coarse control) shown 

50 



in Fig. 31, Fig. 33 is a block diagram of the following 
control shown in Fig. 31, Fig. 34 is a block diagram of 
the short-distance and settling control shown in Fig. 31, 
and Fig. 35 is a schematic diagram of the trajectory table 
of Fig. 31. 

As shown in Fig. 31, the positioning control system 
comprises a control-signal generator 44, long-distance 
seek controller 43, short-distance seek/settling 
controller 41, following controller 42, switching unit 45, 
bias table 46 and adder 24. 

The control-signal generator 44 and switching unit 45 
make up a block that performs the same control as the task 
control explained using Fig, 18. In other words, when an 
on-track start command is received and the target value 
1 yO 1 has not changed, then following control 4 2 is specified, 
and at the instant that the target value 1 yO 1 changes, the 
distance to the target value 'yO' is determined whether 
or not it is 16 tracks or less. When the distance to the 
target value 'yO' is not 16 tracks or less, then 
long-distance seek control (coarse control) 43 is specified 
( see Fig . 19). 

When the distance to the target value 'yO 1 is 16 tracks 
or less at the instant when the on-track start command is 
received , then short -distance seek control 4 1 is specified . 
When long-distance seek control 43 is specified and when 
the distance to the target value 1 y0' is 4 tracks or less 
and the specified settling conditions are satisfied, then 
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control changes to following control 42. However, when 
the specified settling conditions are not satisfied, 
settling control 41 (see Fig. 20) is executed. 

Moreover, for seek processing, in long-distance seek 
(here this is seeking of 16 tracks or more), when coarse 
control is performed and the distance becomes 4 tracks or 
less, then control changes to settling control, and when 
the settling conditions are satisfied, then control changes 
to following control. Also, in short-distance seek(here 
this is seeking of less than 16 tracks), the same settling 
control is performed, and when the settling conditions are 
satisfied, control changes to following control . 

The instruction current from this switching unit 45 
is added to the value of the bias table 46, that stores 
the bias table value accessed at the current position, by 
the adder 24, and is then output to the actuator amp. 

Next, long-distance seeing (coarse) control will be 
explained using Fig. 32. This coarse control is the 
velocity control that uses the observer 20 shown as a block 
in Fig. 19, and the operation is the same. 

In other words , the observer 20 initializes the present 
estimated position x bar[k] to the distance (y[k]-y0) from 
the adder 23. y[k] is the detected position (current 
position) obtained from the head 4, and yO is the target 
position. The target velocity generator 25 calculates the 
target velocity vobj[k] that corresponds to the distance 
(y[k]-y°) according to the velocity curve of the coarse 
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control shown in Fig. 4. 

In addition, the observer 20 obtains the present 
estimated position x hat [ k] and estimated velocity v hat[k] 
from the sum of the estimated pos it ion x bar [ k ] and estimated 
velocity v bar[k], that were calculated for the previous 
sample, and the difference of the observed position 
(detected position) y(k) and estimated position x bar [k] 
multiplied by the gain L . The equations used for 
calculation are shown below. 

x hat[k] = x bar[k] + L4(y[k] - x bar[k]) 
v hat[k] = v bar[k] + L5(y[k] - x bar[k]) 

Furthermore, the adder 26 obtains the instruction 
current value u[k] by multiplying the difference (velocity 
error) between the present estimated velocity v hat[k] and 
the target velocity vobj[k] with the gain F. The output 
current u out(k) is obtained by adding the bias table value 
BiasTable (y[k] ) in Fig. 31 to the instruction current value 
u(k) . The equations used for calculation are shown below. 

u[k] = -F4 (v hat[k] - vobj[k]) 

u out [k] = u(k) + BiasTable(y [k] ) 

Moreover, the observer 20 calculates the estimated 
position x bar[k+l] and estimated velocity v bar[k+l] for 
the next sample corresponding to this instruction current 

53 



u(k) from the present estimated position x hat[k] and 
estimated velocity v hat[k] and instruction current u(k). 
The equations used for calculation are shown below. 

x bar[k+l] = x hat[k] + v hat[k] + Am/2 * u(k) 
v bar[k+l] = v hat[k] + Am * u(k) 

The control-signal generator 44 determines whether or 
not the distance (y[k] - yO) is 4 tracks or less, and when 
the distance (y[k] - yO) is 4 tracks or less, long-distance 
seek control ends and control changes to settling control. 
However, when the distance (y[k] - yO) is not less than 
4 tracks, the control-signal generator 44 waits for the 
next sample and then repeats the operation . 

Next, following control 42 will be explained using Fig. 
33. This following control is the observer control, which 
estimates the steady-state bias that was explained using 
Fig. 21, that has been taken as a block. 

In other words, the observer 20, first obtains the 
present estimated position x hat[k], estimated velocity 
v hat[k] and estimated bias b hat[k] from the sum of the 
estimated position x bar [k] , estimated velocity v bar [k] 
and estimated bias b bar[k], calculated for the previous 
sample , andt he difference (output from the adder 2 3 ) between 
the observed position (detected position) y(k) and the 
estimated position x bar[k] multiplied by the gain L. The 
equations used for calculation are shown below. 
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x hat[k] 
v hat[k] 
b hat[k] 



= x bar [ k] + Ll (y [ k] 
= v bar [k] + L2 (y [k] 
= b bar [k] + L3 (y [ k] 



- x bar [ k] ) 

- x bar [k] ) 

- x bar [k] ) 



Next, the instruction current u[k] is obtained by 
multiplying the present estimated position x hat[k], 
estimated velocity v hat[k] and estimated bias b hat[k] 
with the gain F. Furthermore , the output current u out [ k ] is 
obtained by adding the bias table value BiasTable (y[k]) 
to the instruction current u(k) as shown in Fig. 31. The 
equations used for calculation are shown below. 

u[k] = _f * x hat[k] - F2 * v hat[k] - F3 * b hat[k] 
u out[k] = u(k) + BiasTable (y[k]) 

The observer 20 calculates the estimated position x 
bar[k+l], estimated velocity v bar [ k+1 ] and estimated bias 
b bar [k+1] for the next sample corresponding to this 
instruction current u(k) from the present estimated 
position x hat [ k ] and estimated velocity v hat [ k ] , estimated 
bias b hat[k] and instruction current u(k) . The equations 
used for calculation are shown below. 

x bar[k+l] = x hat[k] + v hat[k] + b hat[k] + Ka/2 * 

u(k) 

v bar[k+l] = v hat[k] + 2 * b hat[k] + Ka * u(k) 
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b bar[k+l] = b hat[k] 



This is repeated. 

Next, short-distance seek/settling control is 
explained using Fig. 34 and Fig. 35. This control is 
basically the observer control that estimates the 
steady-state bias explained using Fig. 6 and Fig. 20. 
However , a table for short -distance seek is added. mother 
words, the trajectory table comprises a trajectory table 
for settling control 60, and N trajectory tables (4 tables 
in this example) for short-distance seek 60-1 to 60-4. 

In each of the trajectory tables 60, 61-1 to 61-4, there 
are trajectory tables 30, 31, that were explained using 
Fig. 6, and current tables 36, 38 that correspond to the 
control mode and seek distance. The switching unit 64 
selects the trajectory tables 60, 61-1 to 61-4 according 
to a control signal from the control -s ignal generator 44, 
and the distributor 62 distributes the four outputs of the 
selected trajectory tables to the multipliers 32, 33, 37, 
39 . 

Fig. 34 shows an example of giving the current and 
position in the trajectory to the control system. In other 
words, a trajectory generator 22 contains the current 
trajectory and the target position trajectory. Therefore, 
the trajectory tables 60, 61-1 to 61-4 have unit trajectory 
generators 36, 38 for the current and unit trajectory 
generators 30, 31 for the target position. In addition, 
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the trajectory generator 22 drives the unit trajectory 
generators 30 , 31 for the target position according to the 
clock source, and generates a target position trajectory 
using the multipliers 32 , 33 and adder 34 that is 
proportional to the initial position X0 and initial velocity 
V0 at the start of short distance seek or settling. This 
target position trajectory is given to the adder 23 at the 
front stage of the observer 20 as a target value, and the 
difference between that value and the detected position 
is found, and then it is input to the observer 20 as the 
observed position . 

Similarly, the trajectory generator 22 drives the unit 
trajectory generators 36, 38 for the current and generates 
a target current trajectory using the multipliers 37, 39 
and adder 40 that is proportional to the initial position 
X0 and initial velocity V0 at the start of short distance 
seek and settling. This target current trajectory is given 
to the adder 24 at the output stage of the observer 20. 

In this way, feed-forward control is performed during 
short-distance seek and settling control, so a high-speed 
response is possible. Also, since the initial velocity 
is also used as a parameter in addition to the initial 
position, feed-forward control that is capable of 
shortening the convergence time is possible even when the 
initial velocity differs. Moreover, since resonance 
effects, including the current amp characteristics, are 
taken into consideration when designing the trajectory, 
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high-speed response is possible even when feed-forward 
control is performed. 

As described below, the unit trajectory is designed 
such that the convergence time will be a minimum, and differs 
depending on settling control and the short-distance seek 
distance. In this example, short-distance seeking is 
divided into four types : 1 ( 0 to 4 tracks ) , 2 ( 5 to 8 tracks ) , 
3 ( 9 to 12 tracks) and 4 ( 13 to 16 tracks), and there is 
a respective trajectory table 61-1 to 61-4 designated for 
each . 

This operation will be explained. Initial values are 
set at the start of short-distance seek and the start of 
settling control. First, the bias estimator 21 sets the 
estimated velocity v bar [k] to the current velocity 'VO' . 
When doing this, as described above, the velocity is 
corrected according to difference between observed 
position y[k] and estimated position x bar [k] • In other 
words , the initial value for the estimated velocity v bar [ k] 
is obtained from Equation (9). 

v bar[k] = v bar[k] + Kv (y[k] - x bar[k] ) (9) 

In addition, the bias estimator 21 calculates the 
initial bias value from equation (8) based on the error 
between the actual position and the position estimated by 
the observer 20. 
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b bar[k] = Kx (y[k] - x bar[k]) (8) 

Furthermore, the observer 20 sets the estimated 
position x bar[k] to the current position X0 (= y[k] ) . The 
5 initial position and initial velocity are held in a holding 
unit 21. Next, count value Count, that indicates the 
feed-forward period, is initialized to 1 1'. 

Next, the observer 20 determines whether or not the 
count value Count is greater than 1 N 1 ( feed- forward end 
© 10 value). When the count value Count is not greater than 
^ 1 N 1 , the observer 20 reads the unit trajectory values 

|asSs 

*if PxTable [ Count ] , PvTable [ Count ] , that correspond to the 

J2 count value Count, from the trajectory tables 60, 60-1 to 

? 60-4 (blocks 30 and 31 in Fig. 6), that are selected by 

Ms 

f7 15 the selector 64 according to the seek mode and the distance 

w ... 

jL* of short-distance seek, and then using the multipliers 32, 

w 33 and adder 34, calculates the trajectory value (target 

position) Pref, that corresponds to the initial position 

X0 and initial velocity V0 , from the following equation. 

20 

Pref = X0 * PxTable[Count ] + V0 * PvTable [ Count ] 



Moreover, the observer 20 reads the unit current values 
UxTable [ Count ] , UvTable [ Count ] , that correspond to the 
25 count value Count, from the trajectory tables 60, 60-1 to 
60-4 (current tables (blocks 36 , 38 in Fig. 6)), that are 
selected by the selector 64 according to the seek mode and 

59 




short-distance seeking distance, and then using the 
multipliers 37, 39 and adder 40, calculates the current 
value Uff , that corresponds to the initial position X0 and 
initial velocity V0, from the following equation, 

Uff = X0 * UxTable [Count ] + V0 * UvTable [ Count ] 

Furthermore, the observer 20 increases the count value 
Count by an increment of ■ 1 1 . On the other hand, when the 
count value Count is greater than 'N', the feed-forward 
period has ended so the observer 20 sets the trajectory 
value Pref and current value Uff to 1 0'. 

In addition, the observer 20 obtains the present 
estimated position x hat [k] , estimated velocity v hat[k] 
and estimated bias b hat[k] from the sum of the estimated 
position x barf k] , estimated velocity v bar [ k] and estimated 
bias b bar [k] , that were calculated for the previous sample , 
and the difference between the observed position (detected 
position) y(k) and the estimated position x bar [k] and 
trajectory value Pref, that is multiplied by a gain L . The 
equations used for calculation are shown below. 

x hat[k] = x bar[k] + Ll(y[k] - x bar[k] - Pref) 
v hat[k] = v bar[k] + L2(y[k] - x bar[k] - Pref) 
b hat[k] = b bar[k] + L3(y[k] - x bar[k] - Pref) 

Moreover, the observer 20 obtains the instruction 
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current u[k] by multiplying the present estimated position 
x hat[k], estimated velocity v hat[k] and estimated bias 
b hat[k] with a gain F. Furthermore, the output current 
u out [ k ] is obtained by adding the bias table value BiasT able 
(y[k]) i n Fig- 31 and the feed-forward current value Uff 
to the instruction current u[k] by the adder 24. The 
equations used for calculation are shown below. 

u[k] = -Fl * x hat[k] - F2 * v hat[k] - F3 * b hat[k] 
u out[k] = u(k) + BiasTable(y [ k] ) + Uff 



The observer 20 calculates the estimated position x 
bar[k+l ] , estimated velocity v bar [ k+1 ] and estimated bias 
b bar [k+1] for the next sample corresponding to this 
instruction current u(k) from the present estimated 
position x hat [ k ] and estimated velocity v hat [ k ] , estimated 
bias b hat[k] and instruction current u(k) . The equations 
used for calculation are shown below. 

bar[k+l] = x hat[k] + v hat[k] + b hat[k] + Ka/2 * 

bar[k+l] = v hat[k] + 2 * b hat[k] + Ka * u(k) 
bar[k+l] = b hat[k] 



The control-signal generator 44 determines whether or 
not settling is complete. For example, settling is 
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determined to be complete when the distance (y[k] - yO) 
is 0 . 1 track or less (during reading) , or when the distance 
continues to be 0.1 track or less (during writing) for the 
specified sample. When settling is determined to be 
complete, the control-signal generator 44 notifies that 
settling is complete (enables reading/writing). In other 
words, control changes to following control shown in Fig. 
17 . 

The initial bias estimator 21 of this observer 20 is 
the same as described above. In other words, the initial 
bias estimator 21 finds the difference between the position 
x bar [k] observed by the observer 20 and the actual position 
y[k] at the start of short-distance seeking, start of 
settling or just before the start of settling , and multiplies 
that position error by a preset gain Kx to calculate the 
bias value, then sets that initial bias value for the 
observer 20. Furthermore, the initial bias estimator 21 
adds the product of the position error multiplied by the 
gain Kv to the estimated velocity v bar[k] of the observer 
20 to correct the estimated velocity. In Fig. 6, the value 
of obtained by subtracting the target position Yo from the 
detected position y[k] (absolute position) is taken to be 
the actual position (relative position). The detected 
position y[k] is obtained from the position signal from 
the magnetic head 4 described above. 

In this invention, in order to further shorten the 
short-distance seek time and the settling time, 
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feed-forward control is used during short-distance seeking 
and settling control. In other words, by only estimating 
the bias value, only the settling time is shortened because 
the response depends on the range or status feedback pole 
of the control system. For example, when the status 
feedback pole is located at 500 Hz, convergence takes 1/500 
= 2 ms . 

In order to speed up this response , feed- forward control 
is adopted in short-distance seeking and settling control. 
In order todothis, as shown in Fig. 6, a trajectory generator 
22 is used. The trajectory generator 22 generates a target 
trajectory and feed-forward current (call the FF current 
below) that correspond to the initial position xO and initial 
velocity vO at the start of settling, and gives those to 
the control system. 

This target trajectory and feed-forward current 
generates the trajectory and current that corresponds to 
the initial position 'xO ' and initial velocity ' vO ' . In 
this way, the shortest seek time that corresponds to the 
initial position and initial velocity is obtained. The 
trajectory and current for this are designed in advance 
as described later. For this control, the trajectory and 
current design must take into consideration the effects 
of the cutoff frequency of the current amp and the effects 
of resonance of the actuator. 

Fig. 35 shows an example of this trajectory table. The 
trajectory is divided into position trajectories 30, 36 
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and velocity trajectories 31, 38. In other words , position 
trajectories 30, 36 when the initial position is track • 1 ' , 
and the initial velocity is 0 tracks /sample , and the final 
position and final velocity are '0'; and trajectories 
(velocity trajectories) 31, 38 when the initial position 
is track 1 0', and the initial velocity is 1 track/sample, 
and the final position and final velocity are ■ 0'. The 
position trajectories and velocity trajectories contain 
a time waveform for time versus target position 'X 1 and 
time versus current 'u'. 

In Fig. 35, the target position, changes at a single 
rate ( sample interval ) , and the current changes at a multiple 
rate (half of the sample interval) in order that high-speed 
convergence can be obtained . In addition , the trajectories 
when the initial position is track X0 and the initial 
velocity is V0 tracks / sample are combined by multiplying 
two trajectories by gains for X0 and V0. By doing this, 
it is possible to obtain trajectories for arbitrary initial 
positions and initial velocity by combining one unit 
trajectory . 

Feed-forward is performed according to the 
feed-forward current in this way, and since the position 
offset is fed forward on the position trajectory by the 
feed-forward current before the plant response so it is 
possible to greatly shorten the convergence time. Also, 
since feed-forward control is applied to short-distance 
seeking in addition to settling control so it is possible 
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to further shorten the seek time in short-distance seeking. 
Moreover, trajectory control can be applied to 
short-distance seeking alone, or to settling control alone. 
Furthermore, since both a settling control and 
short-distance seeking share the same control system, it 
is possible to make the circuits more compact and reduce 
the scale of the program used. 

[Trajectory Generation Method] 

Next, an example of designing the unit position 
trajectories and velocity trajectories for the trajectory 
tables 60, 61-1 to 61-4 will be explained in detail. Fig. 
36 is a block diagram of simulation for designing 
trajectories and FF current; Fig. 37 is a drawing explaining 
a model of the current amp; Fig. 38 is a drawing explaining 
a model of the characteristics of resonance; Fig. 39 is 
a drawing explaining an example of the design for an FIR 
filter; Fig. 40 and Fig. 41 are drawings explaining the 
position trajectory design; and Fig. 42 to Fig. 45 are 
drawings explaining the velocity trajectory design. 

First, as shown in Fig. 36, in order to design the seek 
trajectory, a detailed model of the plant is made, to remove 
any difference between the actual response and the 
simulation. For the simulation model shown in Fig. 36, 
it is possible to use commercially sold software such as 
MATLAB sold by The MathWorks, Inc. (USA) , or it is possible 
to independently use a general-purpose programming 
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language such as C language. 

Here, a design example is shown for an HDD having a 
sample frequency for detecting position of 4.62 kHz, and 
that drives the current output at a sample frequency that 
is double that. 

The controlled model 52 shown in Fig. 36 is an actuator, 
current amp or other filter characteristics (only when using 
an analog or digital notch filter or low-pass filter in 
the circuit) , and each is expressed by a transfer function. 

The procedure for finding the transfer function is the 
same for each, and is performed as follows. 

The frequency characteristics are measured with an FFT 
analyzer, and a transfer function is found such that it 
matches the measured frequency characteristics (gain and 
phase curve). In order to find the transfer function, 
analysis software such as MATLAB may be used. Also, in 
the case that the transfer function has already been found 
analytically, that transfer function can be used. However , 
it is necessary to make sure there is no difference between 
the actual measurement results. 

The model of the current amp 54 in Fig. 36 is frequency 
versus gain and the frequency characteristics of the phase 
shown in Fig . 3 7 . Also , the resonance characteristics model 
56 of the actuator in Fig. 36 is the frequency 
characteristics shown in Fig. 38. Moreover, the 
acceleration model 55 is a model of the acceleration of 
the actuator. Furthermore, DAC 53 is a model of the DA 
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converter . 

Next, the specifications for digital control are set. 
First, the sample period for the current output (or the 
sample period for position detection ) is set . For example, 
when performing double multi-rate control, the sample 
period is half the sample period for position detection. 

Next, the delay time for the current output is set. 
This delay time is defined as the time from when the position 
signal is detected until the current actually changes. 
Moreover , when setting the DAC resolution, or in other words , 
the VCM current, this delay time determines the resolution 
set by the number of DAC bits. 

Finally, the other specifications are set. First, the 
target seek times are set for each seek distance. The 
specifications for the target seek times for each distance, 
such as 1 trackor 2 tracks , are set . However , when actually 
designing a target trajectory it is necessary to shorten 
the time less than the target seek time set here. This 
is because it is necessary to have time (settling time) 
for checking the fluctuation in position after seeking. 
Also, as in the table example shown in Fig. 31, the same 
target seek time may be selected for a plurality of tracks 
at one time instead of in 1 track units. The seek time 
is in units of the sample period of the current output. 
Therefore, it is possible for a plurality of distances to 
have the same seek time. 

Particularly, since the track width for recent HDD is 
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or less, one track of an older HDD is equal to 10 or 
more tracks of a recent HDD . Taking this into consideration 
it is reasonable that the same seek time can be used for 
a plurality of distances. For example the tracks can be 
separated 4-track units: 0 to 4 , 5 to 8, 9 to 12 and 13 
to 16. In this example up to 16 tracks are used, however 
it is possible to design for distances greater than this. 

Next, the maximum current is set. This is for setting 
the maximum current that can flow from the current amp. 
In addition, since the acceleration constant for the 
actuator differs depending on the location and temperature, 
it is necessary to make allowances for that amount. 
Moreover, it is necessary to make allowances for the amount 
of current needed for correcting the steady-state bias and 
eccentricity. Therefore, 100% of the maximum current that 
can be output cannot be used when designing the seek 
trajectory. It is necessary to reduce it by at least 20%. 

It is possible with some current amps to switch the 
current output range to lx, l/2x, 1.4x and l/8x. When 
switching the output range, the gain and the current offset 
differ a little for each range. Therefore, for the seek 
trajectory provided here, it is better that the output range 
not be switched during seeking. The maximum current is 
limited by the output range of the current amp. 

Next, the FIR filter 51 in Fig. 36 is set. In other 
words , the FIR filter for suppressing the resonant frequency 
component is set. The FIR filter mainly has notch-filter 
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characteristics. The frequency range to be suppressed is 
determined by combining several notch filters. When doing 
this, the resonance characteristics, current amp 
characteristics and other filter characteristics are 
designed together . 

The more frequencies to be suppressed by this FIR filter, 
the longer the seek time becomes. This is because the time 
for the filter output signal becomes longer. Therefore, 
it is better that the filter be set such that the number 
of frequencies to be suppressed for a short distance is 
small, and the number of frequencies to be suppressed for 
a long distance is large. 

Residual vibration that accompanies the resonance 
effect becomes large as the seeking distance becomes long 
and the seeking time becomes short. Therefore, there are 
cases when it is okay to have a small number of frequencies 
to be suppressed for a short distance. The seek time should 
be adjusted while actually performing simulation. 

An example of the design for the FIR filter is shown 
in Fig. 39. Here, the filter only corresponds to the 
resonant frequency near 5.8 kHz. Also, the resonant 
frequency changes depending on the temperature and material 
differences. Therefore, a wide range of frequencies are 
suppressed by combining two notch filters. 

Each of the models 51 to 58 are designed in this way 
to form a trajectory design simulation model such as shown 
in Fig. 36. The individual models described above are 
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combined together . 

Next, the designs of the position trajectories 30, 36 
are explained using Fig. 40 and Fig. 41. A rectangular 
wave, as shown in Fig. 40, is supplied to the FIR filter 
51 from the rectangular wave generator 50 shown in Fig. 
36. As shown in Fig. 40, the current is set by supplying 
an acceleration /deceleration waveform . 

The waveform (instruction current in Fig. 36) after 
passing the FIR filter 51, and the length of the input 
waveform (rectangular wave) of the rectangular wave 
generator 50 is adjusted until the length fits within the 
specifications for the target seek time. When doing this, 
when the effect due to resonance that is not suppressed 
by the FIR filter is large, and the residual vibration cannot 
be ignored, then the length of the trajectory is increased. 

After that, the height of the rectangular wave is 
adjusted so that it matches the target distance. Fig. 41 
shows the current, velocity and position of the position 
trajectory. In other words, it is an example of the 
instruction current, velocity and position output after 
the model in Fig. 36 has been adjusted. 

Next, the design of the velocity trajectories 31, 38 
will be explained using Fig. 42 to Fig. 45. 

The velocity trajectories use a FIR filter 51 that is 
the same as that used in the design of the position 
trajectories. The rectangular wave shown in Fig. 42 is 
supplied to this FIR filter 51 from the rectangular wave 

70 



generator 50 in Fig. 36. 

The velocity after the rectangular wave in Fig. 36 has 
been supplied is observed, and a wave height of the 
rectangular wave, that makes it possible to generate a 
velocity of 1 track/sample, is found. Fig. 43 is an example 
of the instruction current, velocity and position output 
after the model in Fig. 36 has been adjusted at that time. 

Next, in order to suppress the velocity to ' 0' when 
the actuator moves at the velocity of 1 track/sample, the 
inverse (code inverted) signal of the aforementioned 
rectangular wave is supplied to the FIR filter 51 from the 
rectangular wave generator 50. Fig. 44 is an example of 
the instruction current , velocity and pos it ion output after 
the model in Fig. 36 has been adjusted at that time. 

As shown by the position characteristics in Fig. 44, 
the position moves at that time. The amount that the 
position moves is made to return to ' 0' by the position 
trajectory waveform that was designed in Fig. 41. 

The position trajectory waveform in Fig. 41 is 
multiplied by '2*, and the inverted waveform is added to 
the waveform in Fig. 44. By doing this, as shown in Fig. 
45, a combined waveform becomes the velocity trajectory 
for initial position 1 0 ' , initial velocity ' 1 1 , end position 
1 0* and end velocity 'O'. 

Designed as described above, trajectories are found 
that correspond to the initial pos it ion and initial velocity . 
In the example in Fig. 31, both the position trajectory 
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and velocity trajectory use current and position. 

In this way, the trajectory is divided into a position 
trajectory and velocity trajectory. In other words, 
divided into the trajectory (position trajectory) when the 
initial position is track '1' and the initial velocity is 

0 track/sample, and the trajectory (velocity trajectory) 
when the initial position is 0 track and the initial velocity 
is 1 track/sample. Also, the trajectory when the initial 
position is track 'XO' and the initial velocity is VO 
tracks /sample is a combination of two trajectories that 
are multiplied by the gains XO and VO. In this way, it 
is possible to obtain a trajectory for an arbitrary initial 
position and initial velocity by combining one unit 
trajectory . 

By doing this, it is possible to design a trajectory 
for which the initial conditions are track ' 1 1 and initial 
velocity of 0 track/sample, and the end conditions are track 
' 0' and 0 track/ sample , and a trajectory for which the 
initial conditions are track ■ 0 ■ and initial velocity of 

1 track/ sample , and the end conditions are track ' 0' and 
0 track/sample. 

[Example of Trajectory Design] 

Fig. 46 and Fig. 47 show an example of the trajectories 
forthe initial pos it ionand initial velocity of the distance 
from track 1 0 1 to 1 4 • ; Fig. 48 and Fig. 49 show an example 
of the trajectories for the initial position and initial 
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velocity of the distance from track '5' to ■ 8'; Fig. 50 
and Fig. 51 show an example of the trajectories for the 
initial position and initial velocity of the distance from 
track 1 9 1 to 1 12 1 ; and Fig. 52 and Fig. 53 show an example 
of the trajectories for the initial position and initial 
velocity of the distance from track '13' to '16'. 

Each of the above is a design example for a 2.5-inch 
HDD, and where the current is normalized by the maximum 
current. In this way position and velocity trajectories 
that are capable of obtaining the shortest convergence 
according to the seeking distance are designed and set in 
the tables 61-1 to 61-4. Similarly, position and velocity 
trajectories for settling control are set as shown in Fig. 
14 to Fig. 17 and set in table 60. 

Fig. 54 and Fig. 55 are drawings of test example of 
trajectory control for short-distance seek. Fig. 54 shows 
from the top down the instruction current, position error 
from the target position, and seek status signal for 4-track 
seek, where the 4-track seeking ends after approximately 
1 ms , and Fig. 55 shows from the top down the instruction 
current, position error from the target position, and seek 
status signal for 15-track seek, where the 15-track seeking 
ends after approximately 1.5 ms . 

In this way, feed-forward control that takes velocity 
into consideration during short-distance seeking is 
performed so high-speed response is possible. Moreover, 
when designing the trajectories, the resonance effects as 
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well as the current amp characteristics are taken into 
consideration so high-speed response is possible even 
though feed- forward control is performed . 

[ Other Embodiment ] 

In addition to the embodiments described above, the 
invention can be changed as follows: 

( 1 ) In the embodiments described above, the bias value 
was estimated for 1 sample just before starting settling 
control. In this method, when there are errors in the 
position signal for 1 sample, or when there is a shift in 
the position signal and it is written to the disk, there 
is a possibility that the estimation error will be large. 
Therefore, it is possible to estimate the bias value for 
a plurality of samples and take the average value to be 
the initial value. 

(2) When the estimated bias value changes, there are 
large fluctuations in the position after seeking, and the 
settling time become longer. By monitoring the settling 
time, it is possible to determine when the shift in the 
estimated value becomes large. The shift in the estimated 
bias value occurs due to a shift in the estimation gain 
Kb in equation (8) . This gain Kb changes according to the 
power constant Bl of the actuator. In addition, when 
monitoring the settling time and it is found that the 
settling time has become longer, then it can be determined 
that the gain has shifted, and it is possible to perform 
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a process to measure the gain, 

(3) It is possible to determine the gain of the program 
for the disk drive, based on the value that was simulated 
by the simulation program of the computer that uses position 
error to estimate the bias value and correct the velocity. 

( 4 ) Instead of the aforementioned computer s imulat ion , 
following control can be performed by the firmware of the 
disk drive to measure the bias value . Next, the same control 
as that during seek is performed to cause a little position 
shift to occur, and that position shift and velocity shift 
are measured . It is pos s ible to measure the bias correction 
gain, and velocity shift correction gain from the amount 
of pos it ion shift . By us ing this method , it is not neces sary 
to redesign the bias estimation gain and velocity correction 
gain each time the design of the control system is changed. 
The value can be measured once and stored in a non-volatile 
memory area such as on a disk or in ROM. 

(5) There are other causes for position error besides 
the bias value. For example, an external vibration. When 
there is external vibration, the estimated bias value 
(initial value ) becomes uncertain . When the estimated bias 
value becomes uncertain, there is a possibility of running 
wild. Therefore, when the value of the shock sensor 
installed in the HDD is larger than a reference value, 
external vibration is determined to be large, and so the 
bias value is not estimated or the estimated gain is lowered. 
Moreover, when positioning precision is poor during normal 
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following control, it can be assumed that there is large 
external vibration, and so similarly, the bias value is 
not es t imated or the estimated ga in is lowered . 
Furthermore, the normal positioning precision is +-5 to 
10% with respect to the track width. When the estimation 
error is within this range, then it is not possible to 
determine whether the position error is due to a shift in 
the bias value, motor vibration or unstable writing of the 
position signal. Therefore, when the position error is 
within this range, the bias value is not estimated or the 
estimated gain is lowered. 

(6) As mentioned above, by supplying a target track 
during settling, a high-speed response is possible. In 
this case, it is possible to supply only the initial position 
track or the initial velocity track. When supplying only 
the initial position track, it is presumed that the velocity 
is sufficiently small. Moreover, when supplying only the 
initial velocity track, the velocity is large so it is 
effective when it is supposed that overshooting will occur 
as is • 

(7) It is possible to speed up the track response to 
the position and velocity. For example, suppose the track 
for the initial position is 1.5 ms and the track for the 
initial velocity is 1 ms . The position can be observed 
directly, however the velocity can only be estimated. 
Therefore, errors accompany the estimated velocity, so the 
correction of the initial velocity is speeded up in order 
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that the position can reach the target when the shift due 
to velocity error converges. This makes it possible to 
reduce effects caused by the velocity error. 

(8) As described above, the method for generating 
trajectories designs a track from which the actuator 
resonance has been removed. However, when there is already 
a filter in the circuitry of the disk drive such that the 
actuator resonance component is sufficiently removed, it 
is not necessary to remove the resonant frequency component 
included in the tra j ectory . 

(9) Track design can be performed by using computer 
simulation. When there is a shift in the computer response 
and the actual response, the response can be corrected. 
For example, the position trajectory and velocity 
trajectory are corrected when calibrating the drive. The 
amplitude of the current is adjusted such that at an initial 
velocity of 0, it flows for 1 track, so the distance moved 
becomes 1 track. Furthermore, the position error from the 
target track for that time is found, and the target track 
itself is corrected just the amount of the position error. 
The position trajectory is corrected in this way. Next, 
the velocity trajectory is corrected. The amplitude of 
the current of the velocity trajectory is corrected just 
the amount of the gain corrected by the position track. 
Next, at a velocity of 1 track/ sample , constant velocity 
seeking is performed, and the position at the start of 
measurement is taken to be the target position, and the 
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velocity track is given making it converge at the target 
position. The position error at that time is measured and 
the position trajectory of the trajectory for the initial 
velocity can be corrected just the amount of position error. 

( 10 ) When switching to settling control , it is possible 
to wait for the transition timing to settling control until 
the current that flows after switching converges to within 
a specified range. When the current becomes large, 
unexpected high-frequency resonance occurs during 
simulation, so waiting makes it possible to avoid this effect . 

(11) During coarce control , it is poss ible to estimate 
the bias value in real time, and estimate the real position 
and real velocity, and according to those values, switch 
from coerce control to settling control . The real velocity 
is estimated instead of the observer estimated position, 
and control is switched to settling control at that velocity . 
This makes it possible to avoid moving in the reverse 
direction, the velocity becoming 0, or never coming close 
to the target position. 

(12) It is poss ible to constantly observe the difference 
between the observed position and estimated position, and 
when the fluctuation of that position error is within a 
predetermined range, the bias value is determined to be 
correctly estimated, and control is switched to settling 
control . 

The preferred embodiments of the present invention have 
been explained, however the invention is not limited to 
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these embodiments and can be embodied in various forms within 
the scope of the present invention. 

As described above, this invention has the following 
effects . 

( 1 ) In control in which integral compensation and bias 
compensation are not performed, the difference between the 
detected position and the estimated position is 
proportional to the bias value, so the initial bias value 
at the start of settling can be calculated from the 
difference between the detected pos it ion and estimated 
position in control in which integral compensation and bias 
compensation are not performed . Therefore , even when there 
are differing bias values for the same target position, 
the initial bias value for settling control, in which 
integral compensation or bias compensation are performed, 
is accurately set. This makes it possible to reduce the 
time for correcting the bias shift during settling control, 
and to greatly reduce the time required for settling control . 

( 2 ) Moreover, since the initial bias value for settling 
control that performs integral compens at ion or bias 
compensation is accurately set, it is possible to prevent 
fluctuation in the seek time. 

(3) Feed-forward control is performed during 
short-distance seeing and/or settling control so 
high-speed response is possible. Moreover, the initial 
velocity is also used in addition to the initial position 
as a parameter for generating trajectories , so feed -forward 
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control that is capable of shortening the convergence time 
is possible even though the initial velocity differs. 
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